The BH3-interacting domain death agonist (Bid) is a pro-apoptotic member of the B-cell lymphoma-2 (Bcl-2) protein family. Previous studies have shown that stress reduces levels of Bcl-2 in brain regions implicated in the pathophysiology of mood disorders, whereas antidepressants and mood stabilizers increase Bcl-2 levels. The Bcl-2 protein family has an essential role in cellular resilience as well as synaptic and neuronal plasticity and may influence mood and affective behaviors. This study inhibited Bid in mice using two pharmacological antagonists (BI-11A7 and BI-2A7); the selective serotonin reuptake inhibitor citalopram was used as a positive control. These agents were studied in several well-known rodent models of depression-the forced swim test (FST), the tail suspension test (TST), and the learned helplessness (LH) paradigm-as well as in the female urine sniffing test (FUST), a measure of sex-related reward-seeking behavior. Citalopram and BI-11A7 both significantly reduced immobility time in the FST and TST and attenuated escape latencies in mice that underwent the LH paradigm. In the FUST, both agents significantly improved duration of female urine sniffing in mice that had developed helplessness. LH induction increased the activation of apoptosis-inducing factor (AIF), a caspase-independent cell death constituent activated by Bid, and mitochondrial AIF expression was attenuated by chronic BI-11A7 infusion. Taken together, the results suggest that functional perturbation of apoptotic proteins such as Bid and, alternatively, enhancement of Bcl-2 function, is a putative strategy for developing novel therapeutics for mood disorders.
Introduction
Mood disorders, including major depressive disorder and bipolar disorder (BPD), are chronic, severe and often highly disabling illnesses. Major depressive disorder is one of the leading causes of disability worldwide, and currently available therapeutics have limited efficacy, require chronic treatment and have undesirable side effects. [1] [2] [3] [4] Outcome is poor for many patients, who experience high rates of chronicity, residual symptoms, relapse, subsyndromes, cognitive and functional impairments, and psychosocial disability. 2, 5 Furthermore, the direct and indirect costs associated with disability and premature death in individuals suffering from mood disorders represent an economic burden of tens of billions of dollars annually in the United States alone. 6 Not surprisingly, the World Health Organization's Global Burden of Disease Study noted that mood disorders are among the leading causes of disability worldwide, with increasing disability likely in the coming years. 7 In addition, mood disorders are associated with many other health-related consequences, [8] [9] [10] as well as significantly elevated risk of suicide. 11 Despite their prevalence, the pathophysiology of mood disorders is not as well understood as that of other common chronic and potentially fatal diseases. 12 Therefore, the need to identify novel mechanisms for the development of new and more effective treatments is critical.
Although severe mood disorders have traditionally been conceptualized as neurochemical disorders, growing evidence from neuroimaging and postmortem studies suggests that these disorders are associated with increased cell death and changes in synaptic and neural plasticity. 4, [12] [13] [14] Thus, several, but not all, imaging studies report volume reductions in selected brain regions such as the hippocampus or subregions of the medial prefrontal cortex of individuals with mood disorders, 4, 12, 13 and post-mortem studies have noted atrophy and loss of neurons and glial cells in selected brain regions. 4, 12, 13 In the context of altered regulation of apoptotic signaling in mood disorders, it is worth noting that genome-wide screening approaches and independent validation methods have also found that B-cell lymphoma-2 (Bcl-2) and Bcl-2-associated athanogene (BAG1) are upregulated by chronic treatment with mood stabilizers, the medications traditionally used to treat BPD (for a review see Hunsberger et al. 15, 16 ). The Bcl-2 family of proteins are prominent modulators of cell survival and apoptosis; members that promote cell death are tightly regulated and opposed by anti-apoptotic members such as Bcl-2. 17, 18 These proteins also play critical roles in calcium homeostasis, 19 mitochondrial and endoplasmic reticulum function, 19, 20 neurogenesis, 21 neuronal morphogenesis [22] [23] [24] and-importantly-synaptic plasticity. 25, 26 In addition to increasing Bcl-2 levels, mood stabilizers also promote Bcl-2-related neuronal processes such as neurite outgrowth, adult hippocampal neuronal neurogenesis, and neuronal protection against a variety of insults (for a review see Hunsberger et al. 15, 16 ). Electroconvulsive shock 27 and treatment with antidepressants from different classes-including amitriptyline, desipramine, imipramine, fluoxetine, reboxetine, tranylcypromine, and venlafaxine [27] [28] [29] [30] -have also been shown to upregulate Bcl-2 expression in several brain regions. Studies have also found that behavioral stress in rodents, which can cause anhedonia-like behavior, decreases Bcl-2 levels in cortical, hippocampal and limbic brain structures, and that these decreases can be abolished by antidepressant treatment. 27, 31 Although behavioral studies examining the consequences of manipulating levels of Bcl-2-interacting proteins are in their infancy, it is notable that transgenic mice with neuronal BAG1 overexpression display accelerated recovery from helplessness in the learned helplessness (LH) paradigm, and from hyperactivity in the amphetamine-induced locomotion test. 32 These data raise the intriguing possibility that members of the Bcl-2 protein family may mediate some of the behavioral effects of antidepressants and, ultimately, that pharmacological modulation of Bcl-2 function might produce antidepressant-like behavioral effects.
This study altered the functional balance of activity among the Bcl-2 family of proteins by inhibiting a protein that opposes Bcl-2 function in the apoptotic cascade. Specifically, we targeted the BH3-interacting domain death agonist (Bid) protein, a 22-kDa pro-apoptotic member of the Bcl-2 family. Intact Bid protein is localized to the cytoplasm and inhibited by Bcl-2, but upon cleavage by activated caspase-8, truncated Bid (tBid) translocates to the mitochondria. 33, 34 tBid binds with another pro-apoptotic protein (Bax), which can oligomerize with Bak to form pores that disrupt mitochondrial membrane integrity. These events precede the activation of two distinct apoptotic pathways: caspase-dependent and caspase-independent cell death pathways. 35 Activation of the caspase-dependent pathway results in the release of pro-apoptotic stimuli such as SMAC (second mitochondria-derived activator of caspase) and cytochrome c. 36 Cytochrome c, together with APAF-1 and caspase-9, forms the apoptosome complex, which results in the activation of caspase-3 and other effector caspases, ultimately causing cell death. 37, 38 Activation of the caspase-independent pathways results in the translocation of apoptosisinducing factor (AIF) from the mitochondria to the nucleus, where it induces large-scale DNA fragmentation and apoptosis by an unknown, caspase-independent mechanism. 39, 40 We postulated that chemical inhibitors of Bid would exert antidepressant-like effects by blocking the activation of either caspase-dependent or caspaseindependent signaling cascades. The Bid inhibitors used here-BI-11A7 and BI-2A7-are synthetic molecules that have previously been shown to block apoptosis signaling by preventing the cleavage of Bid protein (and thereby preventing its activation); biochemical assays found that BI-11A7 is more potent and effective than BI-2A7 at antagonizing Bid. 41, 42 This proof-of-principle study was conducted to examine the behavioral effects of BI-11A7 in a variety of preclinical behavioral paradigms related to depression. In addition, we measured levels of relevant cytosolic, mitochondrial, and nuclear proteins in the prefrontal cortex (PFC) of treated mice, in an attempt to determine the involvement of caspase-dependent and caspase-independent pathways in the therapeutic mechanism of Bid inhibitors.
Materials and methods

Animals
Eight-week-old 129S1/SVImJ mice (male, 20-25 g; Jackson Laboratories, Bar Harbor, ME, USA) were group housed in a facility with constant temperature (22 ± 1 1C) and 12-h light/dark cycle (light-0600-1800 hours), and with access to food and water ad libitum. All animals underwent surgery to implant the intracerebroventricular infusion cannula and osmotic minipumps. All behavioral tests were conducted between the hours of 1000-1500 hours starting 12 days after the surgery in a separate room immediately adjacent to the facility. All experimental procedures were approved by the Animal Care and Use Committee of the National Institute of Mental Health (NIMH) and were conducted according to National Institutes of Health guidelines.
Brain delivery of control and experimental agents
The ability of Bid inhibitors to penetrate the bloodbrain barrier is largely unknown; therefore, we conducted this proof-of-principle study using direct intracerebroventricular infusion to deliver the control and experimental agents to the third ventricle of the Targeting Bid to develop antidepressants O Malkesman et al brain, which is centralized and therefore only requires a single infusion cannula. The selective serotonin reuptake inhibitor citalopram was used as the positive control agent; the concentration of citalopram used for infusion was determined based on a previous study. 43 Bid inhibitor concentrations were empirically selected based on the assumption that the infusion would result, over a 24-h period, in a whole brain concentration of the inhibitors similar to the concentration at which the agents produce significant chemical effects in cell culture. 41 LL447951, an unrelated compound with a similar molecular weight to BI-11A7, was used as a negative control in the LH paradigm.
Infusion cannula and osmotic minipumps were implanted as described previously. 44 Briefly, 129S1/ SVImJ mice were anesthetized by inhalation of 3% isoflurane in oxygen and placed in a stereotaxic instrument. The scalp was incised and retracted laterally and the skull was leveled between lambda and bregma. A 2-mm opening was drilled through the skull in the bregma. Alzet osmotic minipumps, which are designed to infuse 0.25 ml h À1 for 14 days (model 1002; Alzet, Palo Alto, CA, USA), were placed subcutaneously; animals received 6 ml of treatment per day. Using a brain infusion kit (Brain kit 3; Alzet), a stainless-steel cannula was inserted to a depth 
Forced swim test
Transparent Plexiglas cylinders, 50 cm high with a diameter of 20 cm, were filled with tap water at 22-25 1C approximately 25 cm high so that mice were unable to touch the floor or otherwise escape, as described previously. 45 Normal overhead fluorescent lighting of approximately 400 lx was used during the test. Individual mice were placed in the water for a 6-min session, and their behavior was videotaped using the CaptureStar video recording software (Clever Systems Inc., Reston, VA, USA) for later analysis. At the end of each session, mice were dried with a paper towel and returned to their home cage. Water was replaced after each trial (n = 10 in each group). Immobility time, defined as a lack of activity except movements needed to keep the nose above water, was scored during the last four minutes of each session using the ForcedSwimScan software (Clever Systems Inc.).
Tail suspension test
The tail suspension test (TST) was conducted as described previously. 46 Briefly, one end of a 15 cm long segment of masking tape was wrapped around the mid-section of the animal's tail two times and the other end was adhered to a cross bar approximately 10 cm from the floor. The mice were then suspended by the tail and videotaped for 6 min using the CaptureStar video recording software (Clever Systems Inc.). The videos were later analyzed using TailSuspScan software (Clever Systems Inc.) and scored for struggling and immobility behaviors for the entire duration of the test. Normal overhead fluorescent lighting of approximately 400 lx was used during the test (n = 10 in each group).
Open field test
Because general locomotor activity can confound the results of forced swim test (FST) and TST, we conducted the open field test (OFT) to determine the effect of the different treatments on this measure. A 35 Â 35 cm 2 square arena was used for the OFT, as described previously. 47 To study spontaneous locomotion, mice in the four different treatment groups (saline, citalopram, BI-2A7 or BI-11A7) were placed in one corner of the arena and their behavior was recorded for 30 min with the CaptureStar video recording software (Clever System Inc.). Following the taping, videos were scored for total distance traveled using Topscan video tracking system (Clever Systems Inc.). Lighting during the test was set at approximately 30 lx. The open field arena was wiped between trials with a 10% alcohol solution (n = 10 in each group).
LH paradigm
The LH paradigm was conducted using the Gemini Avoidance System (San Diego Instruments, San Diego, CA, USA) as described previously. 47 Generally, there are three stages to the LH paradigm. First, the induction profile: 120 inescapable shocks (0.45 mA, 15-s duration, at random intervals with an average of 45 s); second, the screening profile: 30 trials (0.45 mA; 3-s duration for conditioned stimulus and 3-s duration for unconditioned stimulus, conducted at random intervals with a mean of 45 s); lastly, the active avoidance test: 30 trials (0.3 mA; 3-s duration for conditioned stimulus and 24-s for unconditioned stimulus, conducted at random intervals with a mean of 45 s). The number of escape failures and latency to escape were recorded for each mouse (n = 7-13 in each group). Mice were said to have achieved helplessness when they showed at least 20 failures to escape. 47 Female urine sniffing test The female urine sniffing test (FUST), a newly developed, non-operant test for measuring rewardseeking behavior in rodents based on interest in sniffing pheromonal odors from the opposite sex, was conducted as described previously. 48 The predictive and face validity for measuring depressive-like symptoms in rodents using the FUST has been established. 48, 49 Rodents that have developed helplessness, Briefly, 1 h before the test, mice from three different treatment groups (saline, citalopram, or BI-11A7) that had undergone the LH paradigm (and were classified as having achieved helplessness in the screening phase) were habituated to a sterile cottontipped applicator inserted into their home cage. For the test, animals were transferred into a dark room (B3 lx lighting). The test had three phases: (1) one exposure (3 min) to the cotton tip dipped in sterile water, during which sniffing duration of the applicator was measured; (2) an interval of 45 min during which no applicator was presented to the animal; and (3) one exposure (3 min) to a cotton tip infused with fresh urine collected from female mice of the same strain in estrus, during which time spent sniffing was measured (n = 12-13 in each group).
Sequence of behavioral paradigms
We evaluated the effects of Bid antagonists in depression-related behavioral paradigms using four animal cohorts in the following order:
First cohort: At 12 days after the surgery for minipump implantation (Day 12), the OFT was conducted. On Day 13, the TST was conducted; on Day 14, the FST was conducted.
Second cohort: Two days before minipump implantation, the induction phase of the LH paradigm was conducted. One day before surgery (24 h later), mice were screened for LH behavior; only mice that had developed helplessness in the screening phase were chosen for surgery. At 12 days after surgery, animals were again screened for LH behavior in the active avoidance test.
Third cohort: Two days before minipump implantation, the induction phase of the LH paradigm was conducted. One day before surgery (24 h later), mice were screened for LH behavior; only mice that had developed helplessness (in the screening phase) were chosen for surgery. At 12 days after minipump implantation (Day 12), the FUST was conducted. On Day 13, animals were killed and brain tissue was rapidly dissected and snap frozen for protein expression work.
Fourth cohort: For experiments measuring protein expression following LH screening, mice were inducted and screened using the same parameters described above. Control animals, however, did not undergo the induction phase; control animals were placed into LH chambers for an equal amount of time. Both inducted and control mice were screened for LH 24 h later using the parameters outlined above. One day after screening, all LH and control (non-LH) animals were killed and brain tissue was rapidly collected and snap frozen in methylbutane.
Immunoblot detection of Bid-interacting proteins
Mitochondrial and cytosolic fractions were isolated from freshly dissected PFC tissue as described above. Crude nuclear pellets were lysed in radioimmunoprecipitation assay buffer containing 150 mM NaCl, 1.0% Triton X-100 (Sigma Aldrich), 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate and 50 mM Tris (pH 8.0) to extract nuclear proteins. Protein concentrations were determined using the BCA protein assay kit (Pierce Biotechnology, Rockford, IL, USA). To obtain semiquantitative results, immunoblotting was performed using protein concentrations demonstrated to be within the linear range for analysis. Equal amounts of protein were loaded onto 4-20% sodium dodecyl sulfate-polyacrylamide gel electrophoresis criterion gels (Bio-Rad, Hercules, CA), separated by electrophoresis and transferred to polyvinylidene difluoride (PVDF) membranes using the iBlot transfer system (Invitrogen, Carlsbad, CA, USA).
After the transfer, polyvinylidene difluoride membranes were washed in Tris-buffered saline Tween-20 and blocked in Tris-buffered saline Tween-20 containing 5% milk. Membranes containing mitochondrial samples were cut and immunoblotted with the primary antibodies against tBid (1:1000, no. AB10002; Millipore Waltham, MA, USA), AIF (1:1000, #04-430; Millipore) and SMAC (1:1000, #AB3609; Millipore) in Tris-buffered saline blocking buffer. Membranes were stripped using Re-Blot Plus (Millipore) and probed with anti-porin antibody (1:3500, #ab15895; Abcam, Cambridge, MA, USA) as a loading control. Cytosolic samples were probed with Bid (1:1000, #2003; Cell Signaling, Danvers, MA, USA), Bcl-2 (1:1000, #2870; Cell Signalling), pro/active caspase-9 (1:1000, #9504; Cell Signaling Technologies) and reprobed for b-actin (1:1000, #4967; Cell Signaling Technologies) as a loading control. Nuclear samples were probed for AIF and subsequently reprobed for b-actin (loading control). Horseradish peroxidase-conjugated anti-rabbit immunoglobulin G was used as a secondary antibody (1:2000; GE Healthcare, Piscataway, NJ, USA), followed by visualization using ECL Plus enhanced chemiluminescent signal detection (GE Healthcare) and exposure to Kodak Biolight film (Rochester, NY, USA). Proteins of interest were normalized to loading controls and subsequently analyzed by densitometric film analysis using the AlphaImager software (Alpha Innotech, San Leandro, CA, USA).
Cytochrome c enzyme-linked immunosorbent assay Cytosolic, mitochondrial, and nuclear proteins were isolated from freshly dissected PFC tissue using the Qproteome Mitochondria Isolation Kit (Qiagen USA, Valencia, CA, USA). The manufacturer's instructions were followed to isolate and purify the cytosolic and mitochondrial fractions. Protein concentrations were determined using BCA assay (Thermo Fisher Scientific, Waltham, MA, USA) and samples were diluted to a concentration that was within the standard 
Data analysis
Statistical analysis was performed using Prism Version 4 (GraphPad Software, La Jolla, CA, USA). Statistical analyses used either one-way analysis of variance (ANOVA), repeated measures for two-way ANOVA, or independent t-tests. Scheffe post hoc tests were used to compare significant ANOVA results. Data are reported as mean±s.e.m. Significance was evaluated at P < 0.05, two-tailed.
Results
Effect of Bid inhibitors and citalopram on immobility tests
BI-11A7 and BI-2A7 are chemical inhibitors of Bid that were generated using a nuclear magnetic resonance (NMR)-based chemical fragment linking strategy. BI-11A7 has approximately fivefold more binding potential to purified Bid protein in vitro than BI-2A7. 41, 42 In the FST (Figure 1a) , duration of immobility was significantly affected by treatment type (one-way ANOVA; F(3, 36) = 5.606; P < 0.01). Although no significant differences were noted between mice receiving saline and those treated with BI-2A7, mice treated with either citalopram or BI-11A7 were immobile for significantly less time than mice treated with saline (Scheffe post hoc tests; P < 0.05).
In the TST (Figure 1b ), treatment had a significant overall effect on immobility (one-way ANOVA, F(3, 35) = 5.06; P < 0.01). As in the FST, no significant differences were noted between mice receiving saline and those treated with BI-2A7. In contrast, mice treated with citalopram or BI-11A7 were immobile for significantly less time than mice treated with saline (Scheffe post hoc tests; P < 0.05).
Effect of Bid inhibitors and citalopram on the OFT
We measured open field activity to evaluate any changes in motor activity following chronic treatment with either citalopram or Bid inhibitors. None of the treatment groups (saline, citalopram, BI-11A7, or BI-2A7) differed on measures of locomotor activity as assessed by total distance traveled (in centimeters) in the OFT (one-way ANOVA, F(3, 35) = 0.68; P = 0.57; data not shown).
Effect of Bid inhibitors and citalopram on the LH paradigm
A cohort of mice underwent helplessness induction in the LH paradigm. After induction, mice were screened for LH, as determined by their failure to escape in at least 20 of 30 trials on the day of screening. Mice that had developed helplessness then underwent inhibitor infusion surgery, and treatment effects were examined 12 days after surgery. In the active avoidance test portion of the LH paradigm, neither the number of trials nor the interaction between the trials and the treatments affected overall outcome; however, treatment had a significant effect on escape latency duration (Figure 2 ) (two-way ANOVA treatment: F(4, 1200) = 31.72; P < 0.01; trials: F(29, 1200) = 0.59; P = 0.96; interaction: F(116, 200) = 0.21; P = 1.00). Scheffe post hoc tests found no significant differences between mice receiving saline and those treated with LL447951 (P = 0.14), but mice treated with either citalopram, BI-2A7, or BI-11A7 exhibited significantly shorter escape latencies than mice treated with either saline (P < 0.0001) or LL447951 (P < 0.0001).
Effect of BI-11A7 and citalopram on the FUST
We used the FUST to assess the effects of citalopram and the most potent Bid inhibitor (BI-11A7) on reward-seeking activity in mice that had developed Figure 1 Immobility tests-chronic treatment. Male 129S1/SVImJ mice were chronically infused with saline, BI-2A7, citalopram, or BI-11A7. The behavioral effects of the treatments were evaluated using the forced swim test (FST) (a) and the tail suspension test (TST) (b). Significant differences were detected between treatment groups. Data are mean±s.e.m. *P < 0.05.
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O Malkesman et al helplessness in the LH paradigm ( Figure 3 ). As expected, male mice from all groups spent more time sniffing urine than water (repeated measures two-way ANOVA for odor: water vs urine: F(1, 19) = 144.3; P < 0.0001), suggesting that sniffing female urine is a preferred activity. Furthermore, significant differences were noted in sniffing duration between the mice in the different treatment groups. LH mice treated with BI-11A7 or citalopram spent more time sniffing the cotton tip applicator dipped in female urine than mice that had developed helplessness that were treated with saline (repeated measures two-way ANOVA for treatment: F(2, 19) = 4.702; P = 0.0219). The interaction (repeated measures two-way ANOVA; F(2, 19) = 4.066; P = 0.0399) revealed that while treatment type had no significant effect on sniffing duration for the water-dipped applicator, mice treated with BI-11A7 (t = 4.119, P < 0.01) or citalopram (t = 2.499, P < 0.05) spent significantly more time sniffing the applicator dipped in female urine than mice treated with saline.
Effect of treatments on levels of Bid-related proteins Next, we examined whether chronic inhibition of Bid would affect apoptotic signaling at the molecular level. Immunoblotting was also used to evaluate apoptosis-related proteins found in the mitochondrial and nuclear fractions (Figure 4a ). tBid expression was not detected in the mitochondria (data not shown). Levels of mitochondrial SMAC were not significantly altered in any of the treatment groups (t(10) = 1.05; P = 0.31; Figure 4b ). Mitochondrial levels of AIF, however, were significantly lower in samples from mice treated with BI-11A7 compared to the salinetreated mice (t(18) = 2.68; P < 0.05; Figure 4c) . A trend toward lower AIF expression in the nuclear fraction of mice receiving BI-11A7 was also observed (t(18) = 1.887; P = 0.0754; Figure 4d ). In the PFC cytosolic fraction, levels of cytochrome c measured using enzyme-linked immunosorbent assay did not differ among the treatment groups (t(18) = 0.30; P = 0.77; Figure 5a ). Immunoblotting was used to measure cytosolic proteins related to Bid-mediated signaling (Figure 5b) . No significant differences were found between saline-and BI-11A7-treated mice in cytosolic levels of Bid (data not shown), Bcl-2 (data not shown), SMAC (t(12) = 1.32; P = 0.23; Figure 5c ), pro-caspase-9 (data not shown), or active caspase-9 (t(10) = 1.26; P = 0.24; Figure 5d ).
AIF expression in the LH paradigm
Lastly, we used immunoblotting to examine how LH induction affected AIF expression (Figure 6a ). In the mitochondrial fraction, a trend toward reduced expression of AIF in LH vs control mice was noted (t(14) = 2.009, P = 0.0675; Figure 6b ). In the nuclear fraction, AIF expression was significantly increased in LH mice (t(14) = 13.16, P < 0.0001; Figure 6b ).
Discussion
This study examined the targeting of Bid, a proapoptotic member of the Bcl-2 family, as a novel strategy for antidepressant development. We studied Bid inhibitors in several well-known rodent models of depression, as well as the recently developed FUST. 48 We found that the Bid inhibitor BI-11A7 significantly reduced immobility time in the FST and TST, but did not affect locomotor activity, attenuated escape latencies in the LH paradigm, and significantly improved the duration of female urine sniffing in the Figure 2 Learned helplessness paradigm-chronic treatment. Male 129S1/SVImJ mice underwent the learned helplessness (LH) paradigm. Mice that developed helplessness were then chronically infused with saline, BI-2A7, citalopram, BI-11A7, or LL44795. Significant effects were noted in escape latencies between treatment groups (BI-2A7, citalopram, BI-11A7) and saline (asterisks alone), as well as treatment groups vs the control compound LL44795 (bars with asterisks). Data are mean±s.e.m. ***P < 0.0001. Figure 3 Mean sniffing duration in the female urine sniffing test (FUST). The FUST was used to assess the effects of treatment with saline, citalopram, or BI-11A7 on time spent sniffing water or female urine in male 129S1/ SVImJ mice that had developed helplessness during the learned helplessness (LH) paradigm. Mice of all groups spent more time sniffing urine than water. In mice that had developed helplessness, treatment with BI-11A7 or citalopram resulted in significantly more time spent sniffing urine than saline. Data are mean±s.e.m. *P < 0.05; **P < 0.01; ***P < 0.0001.
Targeting Bid to develop antidepressants O Malkesman et al
FUST. Taken together, our results suggest that pharmacologically targeting Bcl-2 pro-apoptotic family proteins is a viable strategy for developing mechanistically novel antidepressants.
Both the FST and the TST (for a review see Cryan and Mombereau 50 and Cryan et al.
51
) are based on the same principle-animals under acute stress in an inescapable condition (for instance, a cylinder Figure 4 Prefrontal cortex (PFC) mitochondrial and nuclear fractions of BI-11A7-and saline-treated mice. Male 129S1/ SVImJ mice were treated with saline or BI-11A7 for 14 days before PFC mitochondrial and nuclear fractions were isolated. Immunoblotting (a) was used to evaluate expression of mitochondrial levels of SMAC (b) and apoptosis-inducing factor (AIF) (c). Expression of nuclear AIF (d) was also examined. Data are mean ± s.e.m. *P < 0.05; # P < 0.10. filled with water in the FST or suspended by their tail in the TST) will eventually become immobile. 51 Both of these tests have been used to examine a wide variety of clinically effective antidepressant drugs 52 as well as novel and unique compounds with potentially antidepressant-like activity, regardless of whether the agents are administrated acutely or chronically. 53, 54 However, these tests have some substantial and important differences: (a) in contrast to the FST, which causes a hypothermic response, the TST involves a hyperthermic response; 55 (b) the FST involves swimming ability, which differs between rodent strains 56 or during certain developmental phases; 57, 58 (c) in contrast to the FST, in the TST rodents can become and remain immobile earlier in the paradigm; 51 and (d) different effects can be exhibited in one test but not the other; for instance, either between compounds or between different strains of transgenic mice. 59, 60 Therefore, the use of both of these paradigms is both appropriate and relevant when assessing compounds with potential antidepressant activity.
In this study, mice treated with citalopram or BI-11A7 (which binds with greater affinity than BI-2A7) remained immobile for significantly less time than mice treated with saline in both the TST and the FST. We also conducted the OFT to explore the effect of Bid antagonists and citalopram on general locomotor activity. Changes in motor function can confound the results of both the FST and TST; however, neither treatment (citalopram or BI-11A7) significantly affected general locomotor activity.
Rodents were also studied using the LH paradigm, 51, 61 which is based on the principle that after a series of exposures to uncontrollable and unpredictable electroshock stressors, 50-80% of rodents develop an escape coping deficit, termed 'helplessness'. 61, 62 This coping deficit can persist for weeks, but can be reduced in rodents by chronic treatment with antidepressants; 63 selective serotonin reuptake inhibitors, serotonin-norepinephrine reuptake inhibitors, monoamine oxidase inhibitors and tricyclic antidepressants, as well as ketamine, 47 have all been shown to reverse and prevent LH in rodents. 64 In the LH paradigm, treatment with citalopram and both Bid inhibitors (BI-11A7 or BI-2A7) significantly reduced escape latencies compared with those mice treated with either saline or LL44795. As noted above, BI-11A7 has approximately fivefold more binding potential to purified Bid protein in vitro than BI-2A7; 41, 42 nevertheless, BI-2A7 is still an active compound producing significant chemical effects in cell culture. 41 Therefore, the fact that BI-2A7 significantly affected certain behaviors is not surprising. LL44795 is an inert compound similar in size to BI-11A7, and LL44795-infused mice were included as a second negative control group in the LH cohort. Taken together, these data demonstrate the antidepressant-like effects of Bid inhibitors as assessed by well-known and well-validated animal paradigms of depression.
Anhedonia is a core symptom of depression 65 that is distinct from the despair-related measures often Figure 6 Protein expression changes following learned helplessness (LH) induction. Immunoblotting (a) was used to evaluate changes in protein expression following learned helplessness (LH) induction and screening. Apoptosis-inducing factor (AIF) levels in the mitochondria (b) and in the nucleus (c) were measured. Data are mean ± s.e.m. ***P < 0.001; # P < 0.10.
Targeting Bid to develop antidepressants O Malkesman et al evaluated using the FST and TST. 12, 66, 67 We thus decided to use the FUST to assess reward-seeking activity in these mice. The FUST is based on the observation that female urine sniffing by male mice is a preferred activity, resulting in ultrasonic vocalizations, and accompanied by elevated dopamine levels in the nucleus accumbens. 48 Previous studies from our laboratory found that mice that had developed helplessness during the LH paradigm spent less time sniffing female urine than those that had not developed helplessness. 48 In this study, LH mice treated with BI-11A7 or citalopram spent significantly more time sniffing female urine than those treated with saline, suggesting that these treatments reverse some of the pleasure-seeking deficits typically observed in LH mice.
In an attempt to investigate the potential mechanisms underlying the behavioral effects of the BI-11A7 Bid inhibitor, we also monitored levels of apoptosissignaling constituents related to Bid function in various subcellular compartments. We evaluated both caspase-dependent and caspase-independent signaling pathways downstream of Bid, and measured proteins-such as cytochrome c, SMAC and AIFthat are commonly released when mitochondrial membrane integrity is jeopardized, a hallmark feature of apoptosis. Bid and Bcl-2 expression were unaltered, and no significant change was observed in caspase-9 (both the pro-isoform and active isoform) expression, which is a direct downstream target of Bid. In addition, no significant difference was observed in cytosolic SMAC or cytochrome c expression; both are released from the mitochondria and are downstream of tBid. These findings suggest that chronic infusion with BI-11A7 in animals exposed to the stress associated with the FST, TST, and LH paradigm do not exhibit significant alterations in prefrontal cortical levels of caspase-dependent apoptosis signaling, nor are there any significant global disruptions in mitochondrial membrane permeability.
Interestingly, we did find that mice infused with BI-11A7 had significantly lower AIF levels in the mitochondrial fraction than saline-treated mice. AIF is a mitochondrial protein that translocates to the nucleus in response to specific death signalsthat is, oxygen or glucose deprivation-and precedes morphological signs of cell death such as DNA fragmentation and nuclear pyknosis. 40, 68 AIF is part of a caspase-independent apoptotic signaling cascade, 40, 69 is known to be downstream of Bid, 70 and was previously implicated as having altered activity following BI-11A7 treatment in vitro. 41 Although lower mitochondrial expression of AIF could suggest increased accumulation in the nucleus, we instead found that BI-11A7-treated animals also had a trend toward reduced expression of nuclear AIF. These findings suggest that chronic blockade of Bid translocation reduces overall mitochondrial AIF expression, thereby limiting the amount available for nuclear translocation. We further demonstrated that mice undergoing LH induction had significantly elevated expression of nuclear AIF (with a concomitant trend toward decreased levels of mitochondrial AIF) compared with mice that only underwent the active avoidance screening component of the paradigm; this implies that elevated nuclear AIF levels may be involved in depression. It thus appears that the therapeutic response underlying chronic BI-11A7 treatment is mediated by reducing the expression of basal levels of caspase-independent cell death signaling cascade members like AIF. More work is needed to clarify whether the acute stress paradigms used in this study induce cell death, disrupt neuroplasticity, or promote dendritic remodeling in PFC circuits that can be blocked via inhibition of caspaseindependent pathways.
In summary, this study obtained a comprehensive set of data demonstrating that chemical inhibition of Bid produced antidepressant-like effects in the FST, TST, and LH paradigm and alleviated the loss of pleasure-seeking deficits associated with helplessness in the FUST. These data support the hypothesis and recent experimental studies showing that chemically targeting Bcl-2 family proteins may be a novel strategy for developing mechanistically unique antidepressants. 3, 71, 72 It remains to be seen whether Bid antagonists are suitable for long-term systemic use and whether Bid inhibition or enhancement of Bcl-2 function can alleviate depressive symptoms in human beings. Given the ubiquitous nature of the Bcl-2 family's expression, it will be important to consider the potential side effects of targeting apoptosis signaling in other areas of the body beyond the brain. More preclinical work is also essential to gain a richer understanding of the complex interactions that exist within these dynamic and elaborate apoptotic signaling cascades and their potential side effects. Although these studies are still in their earliest stages, the data presented here are an important addition to the important research question of whether Bcl-2 family protein dysfunction contributes to impairments of neural plasticity and the mechanisms underlying mood vulnerability, as well as the extent to which targeting these proteins (instead of, for instance, neurotransmitter release) for novel drug development may ultimately result in mechanistically unique and effective therapeutics.
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